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The National Renewable Energy Laboratory’s (NREL’s) National Wind Technology Center is supporting
the efforts of its industry partners to develop advanced, utility-scale wind turbines. Part of the research
being conducted focuses on innovative components and subsystems that eventually may be incorporated

into these advanced turbines. R. Lynette & Associates chose to investigate, among other technologies, the
use of vortex generators to enhance power performance and annual energy capture of wind turbine rotors.

The application of vortex generators to wind turbine blades has been investigated previously, with mixed
success. When the present study was initiated, there existed considerable uncertainty regarding its

" potential outcome. However, the modest objective of increasing energy capture by 1% to 3% seemed
possible, and the proposed investigative approach was expected to yield considerable insight and to
contribute significantly to the aerodynamic literature.

The author and his colleagues at R. Lynette & Associates are commended for the formulation and
execution of a meticulous analysis that embodied all the classical elements of scientific
investigation—hypothesis, literature search, laboratory tests, data analysis, design, fabrication and field
testing—all executed with precision and scrupulous attention to detail.

NREL and the U.S. Department of Energy are proud to support research activities of the high quality
represented by this project and documented in this report.

Paul G. MigHore, Ph. D.
NREL Senior Project Manager
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ABSTRACT

This study focuses on the use of vortex generators (VGs) for performance augmentation of the stall-
regulated AWT-26 wind turbine. The goal was to design a VG array which would increase annual
energy production (AEP) by increasing power output at moderate wind speeds, without adversely
affecting the loads or stall-regulation performance of the turbine.

Wind tunne] experiments were conducted at the University of Washington to evaluate the effect of VGs
on the AWT-26 blade, which is lofted from National Renewable Energy Laboratory (NREL) S-series
airfoils. Based on wind-tunnel results and analysis, a VG array was designed and then tested on the
AWT-26 prototype, designated P1. Performance and loads data were measured for P1, both with and
without VGs installed. The turbine performance with VGs met most of the design requirements;
power output was increased at moderate wind speeds with a negligible effect on peak power.

However, VG drag penalties caused a loss in power output for low wind speeds, such that performance
with VGs resulted in a net decrease in AEP for sites having annual average wind speeds up to 8.5 m/s.

While the present work did not lead to improved AEP for the AWT-26 turbine, it does provide insight
into performance augmentation of wind turbines with VGs. The safe design of a VG array for a stall-
regulated turbine has been’demonstrated, and several issues involving optimal performance with VGs
have been identified and addressed. ‘
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1.0 Introduction

1.1 Background

The R. Lynette & Associates (RLA) Next-Generation Innovative Subsystems (NGIS) program is
designed to develop innovative subsystems which can be used to improve the performance and cost
effectiveness of the AWT-26 wind turbine and which may be usable on other advanced wind turbine
designs. RLA is working cooperatively with the National Renewable Energy Laboratory (NREL) and
Advanced Wind Turbines Incorporated (AWT) on the program. The program includes a thorough '
examination of the use of vortex generators (VGs) to improve the performance of the AWT-26 turbine.

1.2 Project Schedule

Table 1-1 summarizes the major VG Tasks of the Innovative Subsystems Project and compares the
original schedule with actual completion dates. The majority of the project was completed between
two and four months later than scheduled. The start of the VG Field Test was substantially delayed
due to prioritization of site resources towards the installation of the AWT-27 prototype, P4. Asa
result, the Field Test was started near the end of the Tehachapi wind season, and additional weeks of
testing were required to collect sufficient performance data. Originally, field-testing was planned for a
second VG configuration. However, due to the disappointing performance results from the first
configuration, testing of the second configuration was canceled. No new work was done on the VG
project between the termination of the field testing and the completion of the Draft Report.

Table 1-1. Major VG Tasks Completed

Innovative Subsystems Completion Dates

' Task Original Project Schedule Actual
2.1.3 Wind Tunnel Testing 02/28/95 04/14/95
2.1.4 Design Full-Scale Configuration 05/07/95 07/13/95
5.1.1 VG Field Test Plan 05/04/95 08/01/95
5.3.1 VG Test Readiness Review 06/23/95 '09/07/95
5.4.3 Establish P1 Baseline Data 04/14/95 05/18/95
5.4.4 Install VGs on P1 Turbine 06/23/95 09/07/95
5.4.6 Analyze Field Test Results 08/01/95 12/18/95
2.4.1 Draft VG Report 11/23/95 06/07/95
2.4.2 Final VG Report 01/12/96 10/18/96

1.3 Purpose

This report summarizes all significant work performed on the Vortex Generators Project. It documents
the wind-tunnel testing, the design process for the selected VG configuration and the methods, results
and conclusions from the ﬁeld testmg of VGs.

u



1.4 Objectives
The objectives of this project were to:

1. Identify a VG configuration that best augments the performance of AWT turbines, without
adversely effecting the turbine dynamics or stall behavior.

2. Gain a greater understanding of the effect of VGs on NREL airfoils, and insight into how VGs
may be of use in performance augmentation for a broader class of wind turbines.

1.5 Approach

A literature search was conducted of previously reported work with VGs, and in particular, VG
applications to wind turbines. Wind tunnel tests were designed to evaluate the effect of VGs on the
aerodynamic performance of airfoil sections which are characteristic of the AWT-26 turbine blades.
The wind tunnel results, along with insights gained through the literature search, then formed a
database from which to design a VG configuration for full-scale testing. The analytic computer code
PROPPC [1] was used, with wind tunnel data, to conduct performance trade studies for VG sizing and
placement, and the effects of various constraints on the design were investigated.

A VG configuration was selected for testing on the AWT-26 prototype, P1. As part of the field test,
careful measurements were made of the baseline P1 power curve and loads. VG Configuration #1 was
then installed on P1, and power curve and loads were again measured. Based on analysis of the test
results, it was decided not to test a second VG configuration on P1.




2.0 Vortex Generator Aerodynamics

Vortex generators are typically small wing-like devices which protrude from an aerodynamic surface.
The VGs are oriented so they produce streamwise vortices, which enhance mixing between the free-
stream air and the local boundary layer, thinning and energizing the boundary layer so that it can
withstand higher adverse pressure gradients prior to flow separation. When used on an airfoil, VGs
delay the onset of stall, increase the maximum lift coefficient, and result in some drag penalty at low
airfoil angles of attack.

2.1 VG Array Parameters

VG configurations are of two basic types: co-rotating and counter-rotating arrays. Figure 2-1 shows
airfoils with both array types, with arrows indicating the sense of rotation of the resulting vortices.
The co-rotating array produces vortices with the same sense of rotation, while the counter-rotating
array produces vortex pairs with lateral regions of common-flow up and common-flow down. Note
that a co-rotating array has a single lateral spacing parameter, d, while the counter-rotating array has
two lateral spacing parameters, d = distance between two VGs which form a pair and D = distance
between each pair of VGs.

Additional VG parameters are illustrated in Figure 2-2, where VGs of the flat-vane type are shown
again. For this type of VG, a configuration will be completely defined by the parameters shown.
Note that all of the spacing parameters may be given in physical dimensions, but will frequently be
normalized to another characteristic dimension (e.g., x/c, h/c, d/D).

2.2 Wind Turbine Applications

The first reported use of VGs to improve wind turbine performance was in 1983, when counter-
rotational VG arrays were installed on the horizontal axis wind turbine (HAWT) Boeing MOD-2 [2].
The MOD-2 blades used a family of National Advisory Committee for Aeronautics (NACA) 230XX
airfoils which are known to be sensitive to roughness effects and were generally operated with rough
surface-finish condition. The MOD-2 blade aerodynamics were far from optimal and so the use of
VGs resulted in a large (11%-15%) increase in AEP for the turbine.

The MOD-2 results were scaled to design a vortex generator configuration for the Carter Model 25,
resulting in a 20% increase in peak power output and an estimated 8% increase in revenue at an 8 m/s
(18 mph) average wind-speed site [3]. Although a similar gain in performance could be achieved by
pitching the turbine blades to low angles of attack (feather), the vortex generators offered the additional
advantage of decreased sensitivity to roughness [3].

In 1988, a successful application of VGs on a 50 kW DAF two-bladed Darrieus vertical axis wind
turbine was reported [4]. Test results showed a 72% mcrease in peak power and predlcted a 17%
increase in AEP at the test site. L ; ;

A less successful test was reported in 1990 when VGs were apphed to several ESL 54 HAWTs [5]
Although the turbine performance results with VGs were mxtlally encouragm unstable rotor dynamlcs .
destroyed one rotor and the VG test was canceled. ~ ~ -
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CO-ROTATING ARRAY

Figure 2-1. Schematic of Counter- and Co-Rotational VG Arrays
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The early successes of VG applications to wind turbines had several things in common: the airfoils of
the turbine blades were NACA sections and the VGs were used to significantly increase the maximum
lift coefficient. The advantage of using VGs is much less obvious for a stall-regulated rotor which
uses airfoils designed to minimize roughness effects and with low Cp ., outboard on the blade. Use of
VGs to delay stall and increase Cj ., Seems contrary to both the rotor and airfoil designs.

The present study was motivated by the idea that VGs may still be used to improve a stall-regulated
turbine performance although the margin for improvement is smaller than for early wind turbine
designs. With proper sizing and placement, VG arrays may delay stall and increase lift up to a
specified wind speed at which the VGs themselves will become stalled, thereby allowing the turbine to
retain its baseline post-stall performance. This is illustrated by Figure 2-3, which shows an example
of an S815 airfoil lift curve and a possible modification with VGs. Three regions are indicated on the
lift curve of Figure 3: :

Region A - Here the baseline lift curve is already linear. In this region VGs can not increase lift
and must cause some drag penalty.

Region B - Here VGs delay stall, causing the lift curve to remain linear to a higher angle of attack,
and increasing Cp .. The VGs will cause a net decrease in drag in this region, as the
form drag of the airfoil is decreased.

Region C - Here the airfoil is stalled, and the VGs are embedded in the airfoil wake. In this
region the VGs should have no effect on either lift or drag of the airfoil.

For VGs to cause a net increase in power production, the lift and drag benefits in region B must
outweigh the drag penalty paid in region A. Of additional concern is the increased sharpness of stall in
region B. For the case illustrated in Figure 2-3, the VGs will be of benefit between 6° and 18° angles
of attack. The design stall angle is 18°, beyond which the VGs should have no effect. In the present
work, the angle of attack beyond which VGs have no effect is designated the VG stall angle, cyg sean-
Note that for a specific wind-turbine blade and pitch setting, the VG stall angle would have a
corresponding wind speed.

In this work, the VG drag penalty of region A will be loosely referred to as the penalty in minimum
drag, even though the drag penalties were measured at zero airfoil angle of attack rather than at the
minimum drag condition. Drag effects will most:commonly be cited in units of ‘drag counts,” where
each count is an increment of 0.0001in. drag coefficient.

In region B, it is important to distinguish between two effects, linearization of the lift curve and
increase in maximum lift coefficient. In Figure 2-3, the lift curve with VGs has been highly linearized
up to about 10° angle of attack, and for angles above that the lift curve becomes non-linear. The
maximum lift coefficient has been increased to about C; .,=1.7. Note that these effects are not
identical. Two VG configurations could result in the same Cj .y, but one may lead to significantly
more linearization of the lift curve.

l
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3.0 Wind Tunnel Experiments

Wind tunnel experiments were designed to provide VG performance data specific to the NREL airfoil
sections that are characteristic of the AWT-26 blade. These experiments were used to determine the
extent to which VGs may be of use on the AWT-26 and to develop a database necessary for a full-scale
design. Specifically, the experiments were used to quantify the incremental changes in lift and drag for
airfoils with VG arrays of varying density, height, orientation and chordwise placement. The wind
tunnel tests are summarized in this report and documented in detail in UWAL Report 1523 [6].

3.1 UWAL Wind Tunnel

The wind-tunnel experiments were conducted in the subsonic, double-return, closed-circuit tunnel at
the University of Washington Aerconautical Laboratory (UWAL). The UWAL test section is 2.4 m
high x 3.6 m wide x 3.0 m long (8 x 12 x 10 ft), vented to the atmosphere, with windows on all sides.
The tunnel can supply dynamic pressures from 47.8-4780 Pa (1-100 psf) and wind-speeds from 8.9-89
m/s (20-200 mph) with approximately zero flow angularity and 0.72% turbulence intensity.

3.1.1 2-D Test Section

A 2-D modification of the 2.4 x 3.6 m test section was designed and fabricated cooperatively by AWT
and UWAL. The 2-D insert was formed by 15.2 cm (6 in)-thick walls, which extended from floor to
ceiling and approximately 0.3 m (1 ft) forward and 0.9 m (3 ft) aft of the 3-D test section, and were
mounted with a lateral separation of 1.22 m (4 ft) to centers. Airfoils were mounted between two
turntables, which were flush with the 2-D walls, and were in turn supported by the UWAL force
balance. The balance struts were embedded in the 2-D walls and were not impacted by the airflow
through the test section. The mounting apparatus was designed to allow continuous pitch variations
between -5° and +45°. Higher angles of attack could be tested by mounting the model at a different
angle relative to the turntables. Figure 3-1 shows the 2-D test section with an AWT model mounted.

3.1.2 Flow Quality and Calibration

Total/static pressure ports were installed at four locations to measure the indicated 2-D section
dynamic pressure (qrwarr). 1o account for the effects of compressibility, actual dynamic pressure (q,)
was obtained from the following equation:

qa = 0.9970*qrwarr

This calibration incorporated the effect of compressibility as found in a standard dynamic pressure
survey of the test section with the 2-D walls installed [7]. A five-hole-probe was used to survey flow
angularity in the 2-D section: the average upﬂow angle (Adpow) Of -0 333° was corrected in the data
reduction. , ~

Both of the 2-D walls were pressure-tapped along a line 1.22 m (4 ft) from the floor, and these ‘taps ;
were used to measure the pressure history along the 2-D section walls. The wall Pressures were
combined with a pressure survey along the tunnel centerline to evaluate the streamwise pressure hlstory
in the 2-D section. At the model locatlon the change in pressure coefficient along the 2-D section was
measured as dCp/dl = -0. 0164 m'’, and this was used to correct for buoyancy drag effects.

- 3-1



During check-out of the 2-D section, yarn tufts were attached to the model and tunnel side walls for
flow visualization. The flow around the model appeared very two-dimensional at low angles of attack
and fairly steady and symmetric at angles of attack approaching stall.

Figure 3-1. Two Dimensional Test Section at UWAL

3.1.2 Data Acquisition and Reduction

The test models were mounted on the UWAL external balance such that they spanned the distance
between the 2-D walls. The standard test run was at constant dynamic pressure and variable angle of
attack. Forces were measured with UWAL’s 6-component force and moment balance, which has a
maximum capability of L., = 11,120 N (2500 Ibs) and Dy, = 1112 N (250 lbs). The balance
components were zeroed at the beginning of each run, with the model set at zero pitch angle, and they
were checked for any shift in zero readings at the conclusion of each run. Data reduction included
corrections for balance interactions, and the balance calibration was checked twice daily during the
test. -




As mentioned above, a streamwise pressure gradient (dCp/dl) was present in the test section. This
change in pressure caused a section drag (AD) on the model, given by [7]:

AD=~—7EA( ) de j’_
8 \12 dl

where A is a factor depending on the shape of the airfoil’s base profile, b is the span and c is the
chord. The following equation shows how A was calculated:

et e ol @l

where x and y are, respectively, the horizontal and vertical coordinates of the airfoil surface as
measured from the leading edge along the chord and Cp is the pressure coefficient.

Solid and wake blockage corrections were also applied to the dynamic pressure. Blockage-corrected
actual dynamic pressure (qc) was calculated from the following equation:

c=q,(1+2¢e;)
er is the total fractional velocity increment due to blockage:

where esp and ewp are the solid blockage and wake blockage correction factors, respectively. The
following equations were used for egg and ewg:

sz =Ac
C
8WB = Zﬁcdu

#

where h is the test section height, o is a factor depending on the size of the airfoil relative to the test
section, and Cg, is the uncorrected drag coefficient. The following equations show how the constants
were calculated: :

»

The proximity of the tunnel walls to the model resulted in a constraint to the flow field, which must
be taken into account to obtain approximate free air conditions. Based on the relationships of reference
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8, lift, drag, and moment coefficients and angle of attack were corrected for tunnel upflow and
restriction of flow due to the tunnel walls: '

AC, =~ (o +2¢)
dcPw
AC, =-2*8D 3 e )
qC w
2e:M
AC e = - TS v oG
qcowC 4
4M
Aot = 290(5 [L-i— 1/4)
T°qcSw ¢

The above equations were simplified by ignoring the compressibility corrections within the
relationships in reference 8. It is assumed that the dynamic pressure calibration accounts for
compressibility and that any additional effects of compressibility are negligible.

K 4 uininl e E ) P o e . Y 0

The data were reduced to coefficient form and corrected angles of attack were obtained with the
following equations:

L

C = + AC,
qcow
c, =2+4D | 4c,
9cSw
M
qcSwe
a, =o, +Aax, g, +Ax

where Sy is the reference wing area. Moment coefficients are about the quarter chord. The
increments AC,, AC4, ACpy1/4, and A are the wall corrections applied to the lift, drag, and pitching
moment coefficients and angle of attack, respectively.

Semi-corrected plots of lift, drag, and moment data were available on-line during the wind tunnel runs,
and fully corrected data were available the following day. On-line plots were used to establish trends
during the test, make decisions about the test matrix and to ensure that data was reasonable. Fully
corrected data were used to asses detailed performance.




3.2 Test Matrix

Three airfoil sections, taken from spanwise stations along the AWT-26 blade, were selected for the
test. The AWT-2601 was a pure NREL S815 with a thickened trailing edge. The AWT-2602 and
2603 were hybrids of S815/S809 and S809/S810 airfoils, respectively.

The wind-tunnel models of these sections, which were 61 cm (24 in) long, were machined from rolled
aluminum plate by Aeronautical Testing Services in Arlington, WA. With maximum dynamic pressure
(q) of 4310 Pa (90 psf), these models allowed testing at Reynolds numbers in excess of Re.= 3x10°,
which is equal to or higher than the value typical for the full-scale turbine. Table 3-1 summarizes the
spanwise sections and scales of the three models which were tested. The calculated Reynolds numbers
are at standard sea-level conditions and are based on the rotational velocity of the blade.

Table 3-1. AWT-26 Airfoil Sections for VG Wind-Tunnel Test
Model Name Blade Location Blade Chord Model Scale Blade Full-Scale
(% R) (cm) Reynolds Number
AWT 2601 35 114.0 0.54 1.9 million
AWT-2602 55 99.0 0.61 2.6 million
AWT-2603 75 78.4 0.78 2.8 million-

A VG planform for testing was selected on the basis of effectiveness, simplicity of manufacture and
ease of installation. Based on the literature review, and on insight gained from the Boeing Company
and Aeronautical Testing Services, a rectangular planform was selected. For the purpose of the wind-
tunnel test small brass angles were available from a model supply shop in the expected sizes of
interest. Although the Boeing Company and Aeronautical Testing Services both put a leading-edge
radius on their VGs, these are primarily for aesthetic purposes and have minimal effect on the
performance of the VGs. The wind tunnel test therefore used a simple rectangular planform with no
leading-edge radius.

VG sizing should be such that the desired airfoil performance is achieved with a minimum of drag
penalty. Based on previous VG work, it was expected that heights of 1.0% and 0.5% chord,
approximately 6.35 mm (0.25 in) and 3.18 mm (0.125 in), would be of interest. The test matrix
included VG heights of 6.35, 4.76, and 3.18 mm (0.25, 0.1875, and 0.125 in). Based on past
successful designs, the VG lengths were chosen te be four times the VG height, 1=4h, for all
configurations. The baseline VG angle of attack was chosen as cyg=20°.

For selected cases, the standard NREL roughness template [9] was used to investigate the sensitivity of
the blade sections to roughness and the effectiveness of VGs in recovering lost performance. The
effect of Reynolds number on soiled performance was also evaluated. ~ L

Figure 3-2 shows an example of the nominal test matnx for clanty only one branch is shown in 1ts ,
entirety. If all possible cases had been tested, this matrix would represent 240 runs per airfoil section,
and it would have been prohibitive to test the entire matrix. Therefore, the wind tunnel test was run as
a sweep through parameter space with initial test results used to identify cases for.more detailed study "
In addition to the test cases shown on Figure 3-2, selected spacing and ahcnment studles were

conducted as dlscussed in the followmg sections. ~ .
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3.3 Wind-Tunnel Test Results and Discussion

The following sections describe the wind tunnel results. Specific cases are shown in detail to illustrate
performance trends, and a tabular summary is given for the entire matrix of interest. A summary of all
cases tested is available in reference 6.

3.3.1 Tare Drag Measurements

The drag felt by the wind tunnel balance was from four major contributors:
Skin friction and form drag on the airfoil itself

Skin friction on the turntables at each end of the model

Interference drag at the model/turntable junction
Bouyancy drag due to the streamwise test section velocity gradient.

U

A correction for buoyancy drag was applied as described in the previous section. The turntable and
interference drag were accounted for as a tare. A wake-rake was used to measure the velocity deficit
downstream of the airfoils, which was integrated to get the ‘true’ airfoil drag. The tare drag due to the
turntables was then calculated as the difference between the wake drag and the simultaneous force-
balance measurement as follows:

Turntable and Interference Drag = Tare Drag = (Force Balance Drag) - (Wake Measurement Drag)

The turntable/interference drag was evaluated for each airfoil at zero geometric angle of attack, at
various Reynolds numbers, and at several streamwise and spanwise locations.For each airfoil, a single
average value for the tare drag was computed and applied to the drag measurements at all angles of
attack.

A more rigorous (and accurate) approach would have been to measure the turntable and interference
drag at several pre-stall angles of attack for each airfoil, then calculate a tare drag as a function of
angle of attack. Reference 10 suggests that the interference drag would have a component that is
linearly proportional to airfoil thickness and another component which is proportional to Ct’. Dueto
the time and expense required to test the variation of tare drag with angle of attack, the constant tare
drag was applied as described. This was justified by the objective of the present test: to quantify the
incremental drag penalties (and performance gains) due to the application of vortex generators.

3.3.2 Baseline Airfoils

Figure 3-3 shows the repeatability of force measurements for the clean model 2601 (S815 with
thickened trailing edge). Run #40 was taken one day later than run #29 during the first installation of

the 2601 model; the data from the runs agree almost exactly. Run #193 was taken near the end of the
test, when the 2601 model was reinstalled after testing of the 2602 and 2603 models. Run #193 agrees
quite well with the previous two runs. The minimum drag was off by about 10 counts, most hkely due
to the turntable alignment being slightly dlfferent for the second model mstallatlon ‘ - ,

Gme
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Figure 3-4 shows a comparison of UWAL measurements of the AWT-2601 to previously-reported
S815 data from Ohio State University [11], and airfoil performance as calculated by the Eppler Code
[12]. While both the UWAL and OSU test data show very good repeatability with themselves, the
results from the two tunnels are significantly different. Before comparing these curves, it should be
noted that the tests had several differences in both experimental conditions and methodology.

First, the OSU test model was a pure S815, with a sharp trailing edge, while the AWT-2601 was an
S815 with a spline-fit applied to achieve a trailing edge which is 6.6 mm (O 26 in) thick. Additionally,
the UWAL baseline data were measured at a Regrnolds number of 1.8x10°, while the highest Reynolds
number reported from the OSU test was 1.4x10°. The UWAL test section was 1.09 x 2.4 m (3.5 x

8 ft) with a 61.0 cm (24 in) model, while the OSU test section was 1.0 x 1.4 m (3 x 5 ft) with a 45.7
cm (18 in) model. Based on these dimensions, both test sections were nearly 2 model chords wide, the
UWAL test section was 4 model chords in height, while the OSU section was 3 model chords high.

The UWAL test used a force balance and used wake surveys only to determine tare drag. Conversely,
the OSU test measured airfoil and wake pressures, and then integrated to determine forces. While the
UWAL method is more direct, the measurements include forces on end plates, which are only
approximately accounted for by the tares. The OSU method is not affected by forces on the model end
plates but relies on pressures measured in the tunnel centerline to characterize the entire airfoil.

Both the UWAL and OSU data show the same lift curve slope, but the OSU lift curve is significantly
right-shifted, having a higher angle of zero lift, and a lower C; at a=0° than the UWAL curve. The
OSU data also show a Cy . Which is nearly 0.2 lower than reported by UWAL. The higher Reynolds
number of the UWAL test should result is a small increase in Cj ., but not enough to account for the
difference seen on Figure 3-4. The UWAL lift curve shows excellent agreement w1th the Eppler
calculation in the pre-stall region.

The UWAL drag curve is not as flat at low angles of attack (in the drag bucket) as either the OSU or
Eppler curves. This can be attributed to the method of tare drag which the UWAL test used. That is,
wake-momentum measurements were used to determine turntable and interference drag at zero airfoil
angle of attack, and then this tare was applied over all angles of attack. Note that at zero angle of
attack (where the tare was measured) the agreement between the UWAL and Eppler drag values is very
good. The OSU test used the wake-momentum method for all pre-stall drag measurements, and while
it correctly reflects the flat nature of the drag bucket, the minimum drag values are somewhat higher
(40-50 drag counts) compared to the UWAL and Eppler data.

The comparison with data from OSU and Eppler was part of an initial check-out of data quality from
the UWAL test set-up and procedures. While it was hoped that the UWAL and OSU data would agree
more closely, it was concluded that the UWAL set-up and procedures were sufficient to meet the
objectives of the test.

Figure 3-5 shows the baseline lift and drag curves for each of the three models tested. For -
completeness, Figure 3-6 also shows the moment coefficient curve for the baseline airfoils. Although
moment coefficient data were measured for all test runs, moment data with VGs are not presented in

this report as the effect of VGs on airfoil lift and drag is of pnmary lmportance in the present work
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3.3.3 Co-Rotating VG Performance

The effect of VGs was strongly influenced by their chordwise placement, as shown on Figure 3-7.
The placement of VGs forward on the airfoil gave the greatest increase in Cp .y, and for this VG
position, the linear region of the lift curve persisted to a higher angle of attack prior to stalling. Note
that the forward placement of VGs on the airfoil, particularly at x/c = 0.1, actually caused a lift
penalty in the linear portion of the lift curve. This penalty was attributed to the VGs triggering early
transition from laminar to turbulent flow, thus compromising the designed laminar flow of the airfoils.
The lift penalty for forward-placed VGs was observed for all airfoils tested, most noticeably when the
VGs were at or forward of x/c=0.3.

The drag caused by the VGs is consistent with the lift curve trends, with the highest drag penalty
(about 45 counts) for the furthest forward placement. Note that although the VGs cause a drag penalty
at low angles of attack, they give a drag benefit for angles of attack greater than 10°. This is due to
the VGs delaying the airfoil stall, and thus reducing the form drag. Configurations which are most
persistent in delaying stall also show the largest reduction of form drag, but will likely have the largest
penalty in minimum drag.

As seen on Figure 3-8, the VGs showed a subtle, but consistent, performance variation with height;
larger VGs were more persistent, gave higher C; ..., and caused higher drag penalties. For the case
shown on Figure 3-8, the drag penalties (at zero airfoil AOA), were 19, 23, and 29 drag counts,
respectively, for the h=3.2, 4.8, and 6.4 mm VGs. Therefore the 6.4 mm VGs caused a 50% greater
drag penalty, but yielded a Cy ., which was only 4% greater than the 3.2 mm VGs.

Both VG performance and drag penalties were directly dependent on array density, as seen on Figure
3-9. The lift curves of Figure 3-9 show the large impact of going from spacing of d=10h to d=20h;
although Cj gy is largely unchanged, the difference in the degree to which the VGs have linearized the
pre-stall lift curve is dramatic. Also note that the angle at which the VGs became stalled such that the
airfoil regained its baseline performance, appears insensitive to the VG array density. These density
trends were observed consistently throughout the test for all three airfoils and all three VG sizes.

Another trend which was observed consistently through the test was the dependence of drag penalty on
VG array density. This is amplified on Figure 3-10, which shows that a doubling of the array density
leads to an approximate doubling of the VG drag penalty. '

3.3.4 Counter-Rotating VG Performance

As discussed in Section 2.1, counter-rotating VG arrays have an additional variable relative to co-
rotating arrays; they have spacing parameters d = distance between two VGs which form a pair, and

D = distance between each pair of VGs. The non-dimensional grouping of D/d is frequently used to o
characterize VG array geometries, but it requires an additional dimension to completely specify the
lateral spacing. For example, there are two fundamental ways to vary D/d. OneistofixD, and
change the pair spacing, while leaving the overall number of VGs per unit airfoil span (array denSIty) -
the same. The other is to fix d, and vary D, whlch would change the array den51ty ‘
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Because of the additional spacing parameter, a comprehensive sweep of parameter space was
prohibitive for counter-rotating VGs. Thus, the UWAL test took the following approach:

1. Co-rotating VG arrays were used to sweep out parameter space, as indicated in the test matrix of
Figure 3-2. These test runs were used to identify trends due to VG size, chordwise placement, and
array density.

2. For several cases of interest, counter-rotating VG arrays were tested and compared with their
equivalent co-rotational arrays. For this purpose, an equivalent array had VGs of the same size at
the same chordwise location and the same number of VGs per unit airfoil span (array density).
Based on previously published results on counter-rotating VGs, it was expected that D/d=4 would
be close to optimum. Therefore, for most counter-rotating tests, D/d was fixed at 4 and the array
density was varied by selecting the desired value of D.

3. For one case of fixed VG size and array density, the effect of pair spacing was investigated by
varying D/d.

In general, counter-rotating VG arrays were evaluated by testing configurations which had co-rotating
equivalents and comparing the performance. Figure 3-11 shows such a ‘check-point’ comparison,
where VG arrays of two different densities are shown. Array #1 had density of 21 VGs per meter of
span, and Figure 3-11 shows that for this case the counter-rotating array gives a Cp . Which is 0.15
higher than the co-rotating equivalent. However, for an array with 10.5 VGs per meter span (Array
#2 on Figure 3-11) the counter-rotating VGs led to a much less linear lift curve and a Cy p,, that is 0.2
lower than the co-rotating equivalent.

This sort of on-design/off-design behavior was observed for all the counter-rotating VG configurations
tested. That is, for some cases the counter-rotating arrays would perform significantly better than their
co-rotating equivalents, and for other cases significantly worse. This may be attributed to the nature of
the flow fields for these arrays. With the additional D/d spacing parameter, optimal counter-rotating
VG arrays are dependent on all the physical dimensions of the airfoil and array.

Figure 3-12 shows a pair spacing study for counter rotating VG arrays, with fixed array density

(21 VGs/m), and variable D/d. As Figure 3-12 indicates, a very subtle dependence on D/d was found
for this case; D/d=4 performed only slightly better than the other spacings investigated and D/d=2
was the worst. Given the above discussion, this is not expected to be a general result. For another
array density, optimum performance may be more strongly affected by D/d spacing. However, these
spacing studies were somewhat time consuming and the test resources did not allow for detailed testing
of these trends.
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3.3.5 Effect of Leading-Edge Roughness

One potential benefit of VGs is recovering airfoil/blade performance lost to soiling. Although the new
NREL airfoils are less sensitive to soiling than previous airfoil families, they still experience soiling
losses resulting from increased drag and decreased lift. To investigate this effect, the standard NREL
roughness template [11] was used to simulate leading-edge grit roughness (LEGR). A #40 lapidary
grit was used, resulting in a roughness of k/c=0.0014.

Figure 3-13 shows the impact of LEGR roughness on the AWT-2603. Note that this airfoil represents
the 75% span location for the AWT-26 blade, a location for which bug soiling is to be expected. As
seen on Figure 3-13, LEGR impacts the airfoil performance in several ways. Lift values are decreased
in the linear portion of the lift curve, the lift curve becomes non-linear at a lower angle of attack, and
there is a 0.2 drop in Crp,. The LEGR also caused a 45 count drag increase over the clean airfoil.

The drag penalty and the shift in the linear portion of the lift curve are both due to the LEGR spoiling
the laminar airfoil flow, and VGs were unable to recover performance lost to this effect. The VGs did
delay the onset of stall on the soiled airfoil, and by a.=6° the airfoil with VGs had recovered lift
values equal to the clean airfoil. From Figure 3-13 it is apparent that the VGs decreased the airfoil
sensitivity to roughness for most angles of attack, and slightly increased it for angles between 12° and
16°. With LEGR applied, the VGs resulted in an additional 17 counts of drag penalty for low airfoil
angles of attack.

3.3.6 Reynolds Number Effects

Due to the geometry of the AWT-26 blade, Reynolds number (Re) varies along the blade radius.
Figure 3-14 shows the effect of Reynolds number on clean airfoil performance for the AWT-2602
model. The general trends are that Cy ., increases and Cp,;, decreases with increasing Re, and the
magnitudes of the lift and drag increments diminish at high values of Re. The impact of Re on VG
effectiveness is shown on Figure 3-15, and the airfoil with VGs follows. the same trends as described
above. Several studies were performed at the beginning of the UWAL test to verify that the Re effects
~were consistent and predictable, and the results shown in Figure 3-15 are typical of those seen for all
cases.

3.3.7 VG Yaw Sensitivity

For an airfoil, a yawing motion relative to the free-stream can lead to a change in the VG angle of
attack, which can in turn lead to a change in the strength and effectiveness of the vortices generated.
Note that the equivalent condition for a wind turbine could be caused by changes in the radial out-flow
component along the blade, and that the yaw degree of freedom for an airfoil should not be confused
with the yawing motion of a wind turbine. -

Due to the mounting methods of the UWAL test, yawing of the airfoil was not possible. Therefore

the impact of yaw on VG effectiveness was simulated by changing the VG angle of attack, oyg. The

idea was to determine at what ayg (or equlvalently at what yaw angle) the VGs would lose the1r '

effectiveness. The baseline ayg was 20°, with angles of 17. 5° 15°, 12 5° and 10° also tested. -
Figure 3-16 shows the variation of VG effectweness with ayg, and it is seen that the VG performance . -
begins to fall off shghtly at aVG—IZ 5° and dtops more notlceably at aVG— 10° Althouoh the lift
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performance at 15° and 20° is nearly equal, the 15° drag penalty was twice that for the 20° array (22
and 11 counts, respectively). For angles less than 15°, small changes in drag penalty were observed.
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3.3.8 Summary of Results

The UWAL wind tunnel test was a comprehensive sweep of VG parameter space for three airfoil
sections which are characteristic of the AWT-26 rotor blade. A summary of all co-rotational cases is
shown in Tables 3-2, 3-3, and 34. The following general trends were observed throughout the
UWAL test:

1) VGs placed at or forward of x/c=0.3 seemed to disrupt the laminar flow of the airfoil, with a
corresponding increase in drag penalty and a decrease of lift in the linear portion of the lift curve.
The farther forward the VGs were placed, the more noticeable the effect.

2) The magnitude of Cpy,,, and the extent to which VGs delayed airfoil stall was
- strongly dependent on the chordwise placement of VGs
- weakly dependent on VG height
- nearly independent of VG array density.

3) Forward placement of VGs increased both Cy ., and the angle at which the VGs became stalled.

4) VG array density affected the nature of the pre-stall lift curve. The higher density arrays had more
linear lift curves.

5) Increased VG performance (e.g. higher Cp g, increased linearity of lift curves, greater amount of
stall delay) was always associated with a larger penalty in Cpgyp.

6) For some cases counter-rotating arrays showed better performance than their equivalent co-rotating
arrays, and for some cases, worse. Optimal counter-rotating performance seemed to be very
dependent on the specific geometry.
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Table 3-2. AWT-2601, Summary of Co-Rotating VG Configurations Tested

Run | q | height | array chord effect on ACimx | ®veetan | A Comin
# Pa) (mm) density | location | - linear Ci ®) (# counts)
@dm -
40 1200 | None | No VGs N/A Cruax=1.41 Copiz= 90
46 | 1200 3.2 10 0.1 Bad (= .05) .32 27 40
47 “ “ 20 “ “ .25 “ 26
43 « “ 30 “ 27 « 18
49 “ “ 40 “ “ .07 “ 12
51 “ “ 10 0.3 Mod. (= 0.2) 27 19 31
52 “ “ 20 “ “ .19 “ 18
53 “ “ 30 “ «“ .26 18 13
54 “ “ 40 “ .13 “ 9
195 “ “ 10 0.4 Slight .31 16 14
196 “ “ 20 “ “ .22 “ 6
55 “ “ 10 0.5 None .16 13.5 13
57 “ “ 20 « «“ .13 “ 7
58 “ “ 30 “ .08 “ 4
59 “ “ 40 «“ .05 “ 2
32 | 1200 4.8 10 0.1 Bad (=~ .05) .36 30 45
34 “ “ 20 “ “ .29 “ 28
35 “ “ 40 “ “ .07 “ 14
36 “ “ 10 0.3 Mod. (= .02) .34 20.5 35
37 “ “ 20 “ “ .31 “ 21
38 “ “ 30 « .15 “ 14
39 “ “ 40 «“ “ .08 “ 10
197 “ “ 10 0.4 Slight .32 18 17
198 “ “ 20 «“ “ 27 “ 3
41 “ “ 10 0.5 None .23 15 21
42 “ “ 20 “ “ .18 “ 12
43 “ “ 30 «“ .07 “ 7
45 “ “ 40 «“ .04 “ 6
60 | 1200 6.4 10 0.3 Mod. (= .02) .24 22.5 38
61 “ “ 20 “ w & .19 “ 22
62 “ “ 30 “ .08 “ 12
63 “ « 40 “ .07 “ -9
199 “ “ 10 0.4 Slight .25 19 26
65 “ “ 10 0.5 None .18 16 24
66 “ “ 20 “ “ 11 “ 13
67 “ “ 30 «“ .05 “ 8
68 “ “ 40 “ .05 “ 6
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Table 3-3. AWT-2602, Summary of Co-Rotating VG Configurations Tested

Run q height array chord effect on A Croax CyGatall A Cpmin
# (Pa) | (mm) | density | location linear Cp © (# counts)
(d/h)

156 | 2400 | None | No VGs Crmax=1.23 Comin= 56
159 | 2400 3.2 10 0.4 None 31 16 18
160 “ “ 20 “ “ 31 “ 9

162 “ “ 10 0.5 “ 22 14 11
163 “ “ 20 “ “ .16 “ 5

175 | 2400 4.8 10 0.3 Mod. (= 0.2) 35 19.5 31
176 “ “ 20 “ “ .34 “ 16
164 “ “ 10 0.4 Slight 33 17.5 21
165 “ “ 20 “ “ 33 “ 10
166 “ “ 10 0.5 None .23 15.5 14
167 “ “ 20 “ “ .19 “ 6

168 “ “ 10 0.6 “ .08 14 9

169 | 2400 6.4 10 0.4 Slight .42 18.5 28
170 “ “ 20 “ “ .26 “ 13
171 “ “ 10 0.5 None .23 16.5 21
172 “ “ 20 “ “ .18 “ 9
173 “ “ 10 0.6 “ 11 14.5 14
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Table 3-4. AWT-2603, Summary of Co-Rotating VG Conﬁgurations Tested

Run q height array chord effect on A Crmax Cyestall | A Comin

# (Pa) | (mm) | denmsity | location linear C;. ® (# counts)

(d/Mh)

97 12400 | N/A | No VGs Cruax=1.20 Comin=_75
113 | 2400 3.2 10 0.4 Slight .25 15.5 18
114 “ “ 20 “ “ 22 “ 6
115 ¢ “ 30 “ “ .16 “ 4
118 “ “ 10 0.5 None .19 14.5 12
119 “ “ 20 “ “ .14 “ 5
120 “ “ 30 “ “ .08 “ 2
122 “ “ 10 0.6 “ .01 12.5 6

99 | 2400 4.8 10 0.4 Slight .30 16.5 22
101 “ “ 20 “ “ 25 “ 10
103 “ “ 30 “ .17 ¢ 6
105 “ “ 10 0.5 None 23 15.5 14
106 “ “ 20 “ “ .15 “ 7
107 “ “ 30 “ “ .08 “ 2
109 “ “ 10 0.6 “ .06 13.5 9
110 “ ¢ 20 “ “ -.01 “ 3
127 | 2400 6.4 10 0.5 None .24 16.5 18
128 “ “ 20 “ “ .15 “ .7
129 ¢ “ 30 “ “ .08 “ 3
130 “ “ 10 0.6 “ .08 “ 10
131 ¢ “ 20 “ “ 0.0 13.5 3




4.0 Design and Analysis

The results of the wind tunnel tests, combined with insights gained through the literature search, were
used to design a VG configuration for full-scale testing. It is important to note that this design and
analysis has been performed for the AWT-26 rotor. Specific results, in terms of VG sizing and
placement, may not generalize to other rotor designs. However, the general issues, tradeoffs and
methods illustrated in the present work may be applicable to a wider class of wind turbine rotor
designs. The goals of this phase of the project were to design a VG configuration which

1) best augments the performance of the AWT-26 at Jow-to-moderate wind speeds
2) does not impact the peak power or peak loads of the turbine
3) leads to no adverse turbine dynamics. :

To meet these design goals, VGs would be used to delay stall and increase lift on local blade sections.
It was thought that with correct sizing and placement the VGs would be effective throughout a desired
wind-speed range and then stall so that the maximum power of the basehne turbine and its post-stall
performance remained unchanged.

Referring to the regions as defined in Figure 2-3, for the VGs to yield a net increase in performance;
the lift and drag benefits in region B must outweigh the drag penalty paid in region A. The
requirement that the VGs do not increase peak power and loads is equivalent to requiring that all
modified blade sections are in region C for wind speeds at or above peak rotor power. Additionally,
the dynamics of a stall-regulated rotor could be seriously affected by the increased sharpness of stall
between regions B and C. However, the sharpness of stall was not explicitly addressed in the present
design and analysis as all calculations and trades were performed for steady-state conditions (assuming
smoothly varying wind conditions). The impact of the VGs on unsteady blade/turbine dynamics were
ultimately assessed during field testing. -

4.1 Scaling of Wind-Tunnel Test Data

In terms of VG height, care must be taken when scaling wind-tunnel results. The wind tunnel tests
were all for airfoils of fixed chord = 61 c¢m (24 in.). As the wind-tunnel tests were run near full-scale
Reynolds number, VG sizes would appropriately scale by height/chord (h/c). Due to the tapered
planform of the AWT-26 blade, a given wind-tunnel height would scale to different full-scale heights at
radial blade stations. Table 4-1 shows h/c equivalency for fixed wind-tunnel VG heights at varying
radial stations on the AWT-26 blade. An alternate approach is to consider a VG array of constant full-
scale height. In this case analysis must be performed by interpolating between the wind-tunnel data for
the heights which were tested.

Table 4-1. Full-Scale VG Height for Equivalent Wind-Tunnel Scales

S Full Scale VG Height (mm) at =
Wind-Tunnel Scale (mm) 25%R | 35%R  45% R 55%R | 65%R
3.18 58/mm | 594mm | 559mm | 5.16mm | 4.67mm
4.76 : 88lmm | 891mm | 838mm | 7.72mm | 7.01mm
6.35 | 1175 mm } 1187mom | 11.17mm | 1029mm | 933 mm



Once the height scaling was completed, the remainder of the dimensional scaling was fairly
straightforward. Lateral spacing in terms of d/h, and chordwise placement in terms of x/c, could both
be related directly to wind-tunnel test cases.

4.2 Constraints / Design Space

The first approach taken to the VG configuration design was to see how the potential design space was
limited by various constraints. PROPPC was used to calculate blade angle of attack versus wind speed
for each radial station along the AWT-26 blade. At each blade station, angles of attack were related to
airfoil data from the UWAL tests, and limits on VG position and size were determined. These
comparisons were made directly at 35%, 55%, and 75% radial blade locations, which correspond to
the three AWT wind tunnel models tested. Wind tunnel data were interpolated to determine design
limits at intermediate positions, and extrapolated inboard of the 35% station.

Figure 4-1, a plan view of the AWT-26 blade, shows how some constraints limit the VG design space
in terms of chordwise placement and height. In terms of the design goals, the only inviolate
constraints shown are the forward stall limits. VGs placed forward of these locations would not allow
the local blade sections to stall prior to peak rotor power, and they would therefore increase P,,.
Two such constraint lines are shown, for wind-tunnel VG sizes of 3.18 and 4.76 mm (0.125 and
0.1875 in). Note that the constraints show a weak dependence on VG height, as the shorter VGs may
be placed slightly further forward on the blade without causing excess peak power. Also note that
Figure 4-1 shows no dependency on VG array density. Wind tunnel data showed that even sparse VG
arrays will cause excessive stall delay if placed too far forward on the blade chord.

The aft constraint shown on Figure 4-1 comes from practical considerations. Wind tunnel results
showed that VGs placed at or behind these locations may lead to a slight drag penalty but would give
no measurable increase in performance. The intersection of the aft constraint with the forward stall
limits thus forms a fundamental limit to the spanwise extent of the array. It is seen that VGs cannot be
placed outboard of the 65% radial position without violating one of these constraints.

The forward drag limit is not inviolate, but VGs placed at or ahead of these locations compromise the
local laminar flow, resulting in excess drag penalties (and possible loss of lift) at low airfoil angles of
attack. However, it may be desirable to pay these penalties, if performance gains at moderate angles
of attack are sufficient to offset the losses. This issue is addressed in the analysis of the following
sections.

e,
e

4.3 Performance Trades Using PROPPC

In predicting the potential of VGs to improve performance, the largest uncertainty was in using
measured two-dimensional airfoil data to predict expected three-dimensional blade properties. The
"UWAL experiments resulted in a comprehensive data base of 2-D ACy and ACp, for a wide range of
VG sizes, chordwise placement, orientation, and array density. Using this database to determine an
optimal full-scale design implies knowledge of two things: the 3-D aerodynamic properties of each
blade section, and how those aerodynamic properties would be modified by the use of VGs.
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This distinction is of particular importance to VG design for a stall-regulated wind turbine. Current
research shows that the inboard portions of the blade may be subject to significant stall delay, possibly
due to centrifugal pumping effects on the boundary layer. If the boundary layer on these blade sections
is already modified by 3-D effects, the additional effect of VGs is uncertain. For blade sections
experiencing 3-D stall delay, the ACy gained by the use of VGs may be diminished. Similar
uncertainty exists for the 3-D effects on drag and VG stall angle.

Further outboard on the blade, it is expected that the centrifugal effects diminish and the 2-D section
properties more closely approximate the 3-D blade aerodynamics. However, the goals of the current
design require that the VG array is entirely inboard of the 65% radial station where the 3-D effects
will likely be dominant. Performance trade studies that use the 2-D wind tunnel results will therefore
be dependent on the assumed (3-D) baseline aerodynamics of the rotor and the assumed incremental
performance due to the presence of VGs.

In the present work, performance trades were conducted using PROPPC [1]. AWT engineers have
constructed a baseline AWT-26 input deck which approximates the rotor’s 3-D blade aerodynamic
properties at various radial positions. PROPPC calculations were performed with the baseline input
deck, and with modified decks to simulate possible VG configurations. In modifying PROPPC input
decks, the incremental changes in airfoil properties (ACy and ACp) were applied directly as measured
in the UWAL tests. Annual energy production (AEP).calculations were performed for both the baseline
and modified PROPPC power curves, and the percentage improvement was used to ‘evaluate the
effectiveness. These calculations were performed for a wide range of design space: VG heights,
chordwise placements and array densities. During these trades, the only constraint was that the
baseline peak rotor power not be exceeded.

In all cases, the performance trades favored a forward chordwise placement of the VGs. That is, the
calculations showed that for forward-placed VGs, the additional drag penalty at low angles of attack
would be more than offset by the additional persistence of the VGs at moderate to high angles of
attack. The calculations showed this trend even when VGs were placed so far forward as to disturb the
laminar flow of the airfoil section. Considering Figure 4-1, this is not a surprising result. The
requirement that peak power not be exceeded (forward stall limit) is the dominant constraint outboard
of the 35% radial position. Inboard of this position, the turbine blade is at moderate to high angles of
attack over most operational wind speeds and so drag penalties at low angles of attack becomes
insignificant.

Another general trend from the PROPPC trades was that the most dense configurations (d= 10h)
consistently showed the best performance gains. Again, this was despite the fact that the d=10 drag
penalties were approximately twice those for d=20h. The dependence of VG performance on height
was more subtle, with the optimum falling between the 3.18 and 4.76 mm (wind-tunnel scale) sizes,
and the larger VGs performing only slightly worse.

4.4 Designing for Smooth Stall Progression

During the PROPPC trades, the only constraint imposed was that the baseline peak rotor power not be
exceeded, and calculations predicted that VGs could result in up to a 4.5% gain in annual energy
production for the AWT-26 rotor. Within this constraint, optimum performance gain could be
achieved by placing the VGs as far forward on the blade as possible, while still allowing the VGs to
stall prior to peak rotor power. If this design were achieved at each radial blade station, the entire




modified portion of the blade would experience a sharp stall at wind speeds between 16.1 and 17.0 m/s
(36 and 38 mph). Although in practice 3-D effects may prevent such an abrupt massive stall of the
inboard half of the blade, from a blade-dynamics standpoint this is clearly not a desirable design. A
safer approach is to design for smooth stall progression along the blade.

PROPPC calculations for the baseline AWT-26 were used to generate angle of attack versus wind
speed tables for each blade radial station. These tables were then combined with wind tunnel data for
VG stall angles, oyg qan, a5 a function of chordwise placement and height. With the assumption that
the 3-D VG stall angles will be the same as the 2-D angles, a VG array can be designed to achieve any
specified stall progression. Note that based on the PROPPC performance trade results, designing a VG
array for smooth stall progression will result in less than optimal gains in terms of AEP.

4.5 VG Configuration #1

The results and insights gained from the previous sections were applied to the detailed design of a VG
array for full-scale testing. The process was as follows:

1. A co-rotational orientation was chosen. The wind tunnel data for counter-rotating VG arrays had
an apparent on-design/off-design nature; some configurations gave superior performance to co-
rotating arrays and some configurations worse. The data for the co-rotating arrays appeared to
vary more smoothly and predictably with changes in height and spacing and thus offered increased
confidence when interpolating between measured (wind-tunnel) geometries to predict full-scale
performance.

2. A fixed full-scale height of 6.35 mm (0.25 in) was selected. For simplicity, reduced cost and ease
of installation, a fixed size VG array was desired. If analysis had predicted a significant

performance advantage to a variation of size in the array (e.g. tall VGs inboard, and shorter
outboard), then VGs of two or more heights would have been considered. The analysis, however,
showed a weak performance dependence on VG height, w1th the 6.35 mm VGs scaling close to
optimal over the modified portion of the blade.

3. VG angle of attack was nominally chosen as 15°. Wind tunnel data showed no drop-off in VG
performance until ayg<12.5°, and a slight increase in drag penalty for ayg>15°. The easiest
method for locating VGs during installation was to use templates with a single preset angle. When
applied to the tapered AWT-26 blade, this resulted in all VGs being set near 15°, with the
maximum Oyg <20°.

4. Lateral spacing was speciﬁed as d=15h= 9.5 cm (3.75 in). Although all wind-tunnel data and
PROPPC calculations indicated that d=10h was superior in performance to d=20h, the d=10h

geometry was considered too dense to be practical. The d=15h was selected as a compromise and
the performance was predicted by interpolation of wind-tunnel data. A spanwise variation in
lateral spacing was considered, but no performance benefit was predicted by the analysis.

Lateral extent of the array was limited to 60% radial location. This restriction follows from the
intersection of constraints as described in Section 4.2. Beyond this radial location VGs which are
placed far enough forward on the blade chord to be effective will persmt beyond the desired stall
angle and will increase peak rotor power.
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6. Chordwise location of the array was determined to achieve desired stail progression. Recall that
the wind tunnel data showed that VG effectiveness and persistence were strong functions of

chordwise placement. Therefore, even with most parameters specified in steps 1-5 above, the
array performance can be strongly influenced by this remaining design choice. In the present
design, the requirement was imposed that no more than 10% of the blade’s radial span stall during

an incremental increase in wind speed of 0.9 m/s (2 mph). As nearly 60% of the overall blade has.

been modified, this constraint requires that the VG array stall over a minimum of a 5.4 m/s (12
mph) wind-speed range.

Figure 4-2 shows a photograph of the result, VG Configuration #1, attached to one blade of the AWT-
26 prototype, P1. The array extends from the most inboard station of the blade to the 57.5% radial
station. All of the array dimensions are documented in reference 13. Note that this design is at the
boundaries of a constraint. That is, at each radial location the VGs are as far forward as possible
without violating the requirement of smooth stall progression. Within this constraint, the PROPPC
analysis predicted that this would be the most effective configuration in terms of performance.
However, it is important to remember that the PROPPC calculations depended on two things: the
accuracy of the baseline (3-D) input deck and the assumption that the 2-D ACy and ACp from the wind
tunnel test accurately characterize the 3-D performance of VGs on the AWT-26 rotor. In Table 4-2
these assumptions are assessed in terms of design risks, and possible modifications to the original
design are proposed.

Table 4-2. Design Risks and Possible Modifications for VG Configuration #1

Region Design Risks Possible Modifications to Array
1) The blade sections near 25% R may 1) Move the VG array further aft,
still be somewhat laminar. Forward particularly in the further
10% to 30% placement of VGs may trigger early outboard part of this region.
Radius transition of boundary layer, and the

increased drag could result in a loss of
turbine performance, particularly at
lower wind speeds.

1) 'The VGs over this section of the blade | 1) Increase the slope of the chord-
are positioned to stall between 14.3 and wise VG locations, so that the
30% to 45% 15.6 m/s (32 and 35 mph). If too large array moves aft more quickly with

Radius a portion of the blade experiences a radial position. This should allow
sharp stall at a given wind-speed, for a smoother progression of stall
adverse turbine dynamics could result. as wind speeds increase.

1) The stall angle of attack of the VGs 1) Move the VGs further aft, or
may be too close to the maximum peak remove some of the outboard
rotor power. This would cause an portion of the array.

unwanted increase in rotor P,.. Also

unfavorable dynamics could result as

45% to 60% the sharper stall of sections with VGs is
Radius moved too close to peak rotor power.

?

2) The far outboard part of the array may | 2) Remove the outboard VGs in this
be too far aft to be of any significant region.
performance benefit, and yet would still
cause an increase in minimum drag. "
This would result in a decrease in
performance at all wind speeds.




Figure 4-2. VG Configuration #1 Installed on P1 Rotor Blade




5.0 Full-Scale Performance Test

The Vortex Generators Field Test was conducted on the AWT-26 wind turbine, P1, using largely pre-
existing instrumentation and data acquisition systems. The following sections describe the P1 turbine
and test procedures briefly, and present the test results and analysis in detail. Complete test
procedures are documented in the Vortex Generators Test Plan [13].

5.1 Baseline Turbine Description

Figure 5-1 shows P1 at the AWT test site. The turbine is a downwind, free-yaw, fixed-pitch machine
which achieves high efficiency through the use of advanced, laminar flow airfoils. Rotational energy is
converted to electrical power in the nacelle, which contains a speed increaser (gearbox), generator and
a programmable logic controller (PL.C). Wind speed data, required for operation of the wind turbine,
is gathered from instrumentation located on the nacelle.

The rotor is a teetered, two-bladed, fixed-pitch, stall-regulated design. The blades are made of wood-
epoxy laminates reinforced with carbon fiber. It has a diameter of 26.2 m (86 ft) and a nominal
rotational speed of 57.1 rpm. For the VG performance test, the blade pitch was set for a peak
generator power of approximately 290 kW.

The P1 tower is 24.4 m (80 ft) high and is a three-legged lattice structure. The machine is controlled
by a PLC that is located in a control house adjacent to the tower. This PLC communicates with the
PLC in the nacelle and also provides performance and maintenance diagnostic information.
Connection to the grid is made at the switchboard enclosure in the control house.

P4/ P1
MET Tower

e




The P1 turbine is located at the AWT Test Site off Cameron Canyon Road, approximately 9.6 km

(6 miles) southeast of the town of Tehachapi, California. The site is on a ridge at an approximate
elevation of 1432 m (4700 ft) near Cameron Peak as shown in Figure 5-2, and is part of a FloWind
wind power plant. Figure 5-3 shows a plot plan of the test site. In prevailing winds (300° magnetic)
there are no wind turbines upwind of P1. However, because of the vicinity of the AWT-27 unit P4
and the FloWind units T340 and T341, valid performance data was limited to the azimuths between
258° and 360° (magnetic).

5.2 Data Acquisition and Analysis

P1 instrumentation for power curve measurement included atmospheric pressure and temperature
gauges, electrical power measurements and wind measurements, all of which were recorded using a
Power Curve Monitor (PCM). Loads and dynamics data were measured with an Advanced Data
Acquisition System (ADAS).These data included nacelle accelerations, tower leg loads, and yaw
position.

The performance of P1 is evaluated by its power curve, which is expressed as electrical power versus
wind speed at the rotor. The PCM records one-minute averages of wind speed and direction (at the
MET tower), generator power, atmospheric pressure and temperature. MET wind speed measurements
were made with a cup-style anemometer that was calibrated just prior to measurement of the P1
baseline power curve. '

A site calibration was used to account for local terrain effects and to relate the wind speeds at the MET
tower to the wind speeds at the plane of rotation of the rotor. The site calibration used for P1 in the
present work was actually measured for the nearby AWT-27 prototype, P4, during a rigorous
documentation of the P4 performance [14]. Because of the close proximity of P1 to P4, the measured
P4 site calibration should reasonably characterize the P1 wind speeds. The adjustment applied to wind
speeds is given by Equation 5-1, where the slope is a function of azimuthal direction and ranges
between 1.000 and 1.022.

P1 Wind Speed = Slope * (MET Wind Speed) (-1)

Power data were also corrected to account for the effects of varying air density. PCM measurements
of atmospheric temperature and pressure were used, along with the ideal gas law, to calculate air’
density for each one-minute average recorded. Equatlon 5-2 was then used to correct the measured

generator powers for density effects, where the present work used a reference air density of 1.06 %
kg/m

Peorr = Puncort/S (5-2) I
where: Peorr = Density-corrected generator power

Puncorr = Uncorrected generator power

Po = Reference (altitude) air density " i
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Figure 5-4 shows time-series and scatter plots for a typical file from the P1 baseline performance test.
Data shown on Figure 5-4 have been density corrected, but no adjustments have yet been made for
terrain effects on the wind speed. The file represents about 50 hours of power-curve data recorded on
April 1, 1995. Three distinct runs of the turbine can be seen and two normal low-wind stops.

In addition to the wind-speed and density corrections, other procedures were followed to insure high
quality of power curve data. Data sheets from the turbine test site were used to identify weather
conditions, blade operating conditions and other factors which may have affected performance. For
each data collection period, scatter plots of wind speed versus power were made and inspected. To
produce a valid data set, the turbine must have been in normal on-line operation for a minimum of 60
minutes. The selection process eliminated data collected in poor weather (heavy rain, snow), data
where blade soiling was undesirably high and data where the turbine came on or went off-line in the
middle of a one-minute average. Additionally, data were removed for wind directions such that either
the P1 turbine or MET tower was in the wake of a turbine. For the P1 turbine, wind directions
between 0° and 258° (magnetic) were considered to place the turbine or tower in a turbine wake, and
not used.

Once the valid data were selected and density corrections applied, the one-minute averages were
segregated by wind speed in bins of 0.9 m/s (2 mph) wide. Wind speed, direction and density-
corrected power were then averaged for each bin, and the standard deviations calculated. This resulted
in the average power curve for the selected data set. When multiple data sets were combined, a time-
weighted average was used for each wind-speed bin.

5.3 P1 Baseline Performance

The P1 baseline power curve was collected between the dates of March 1, 1995 and May 18, 1995.
Appendix A documents all test files recorded, and the selection of valid data sets for the P1 baseline
power curve. As seen in Appendix A, data sets were grouped into larger files prior to binning.
During this process, the binned files were assigned file names ‘plcrun##.txt’, with ## varying from 01
to 13. In the following discussion, these same data sets will be referred to by their corresponding
number (e.g. file ‘plcrun0l.txt” will be referred to as P1 baseline file #01).

The VGs were expected to yield small percentage gains in power production, and this could only be
measured only if the baseline power curve showed very good repeatability. Two criteria were applied
to evaluate the repeatability of power curves: the percentage variation of power output at each wind-
speed bin, and the percentage variation of annual ‘energy production as calculated for various Rayleigh
wind-speed distributions. All AEP calculations assume uniform Rayleigh distributions at turbine hub
height and 100% availability.

Figure 5-5 shows three P1 baseline power curves, each containing approximately 50 hours of binned
data. The curves show poor repeatability; curves #01 and #05 vary by more than 10% in power output
for all wind speeds below 9.3 m/s (21 mph) and AEP for curves #02 and #05 vary by nearly 20%.
For each bin of the power curves, Figure 5-5 also shows the number of minutes of recorded data.

The largest variations between curves occur at bins where there are limited data or where one curve
has significantly less data than the others. The baseline power curves showed a trend toward 1mproved
repeatability with increasing data hours. Figure 5-6 shows two curves w1th over 300 hours of bmned
data per curve. For most bins, the power output of these curves varied by less than 2%, and AEP -
variation was less than 1% for Raylelgh wmd-speed averages above 6.2 m/s (14 mph)
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Figure 5-6. Repeatability of P1 Baseline Power Curve, 300 Hour Data Sets
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With this degree of repeatability, the power curves of Figure 5-6 were considered to be a high-
confidence measure of the baseline P1 performance.

5.4 P1 with VG Configuration #1

VG Configuration #1 was installed on the P1 rotor blades on September 7, 1995. The configuration
design was discussed in Section 4.5 and the array parameters are summarized in Table 5-1. The P1
rotor had been lowered for maintenance, so the installation work was done at ground level. Tape-
templates were used for positioning, and the VGs were glued to the blade surface per the instructions
of reference 13.

Table 5-1. Array Parameters for VG Configuration #1

VG type Flat-plate vane, with leading-edge radius
VG height 6.35 mm (0.25 in)

VG length 25.4 mm (1.0 in)

VG angle of attack 15° nominal

Lateral array spacing 9.52 cm (3.75 in)

Spanwise extent of array Blade root to 57.5% radius

Chordwise location of array | Variable, from 10% to 45% chord
Number of VGs in Array 69 per blade (138 total)

5.4.1 Effect on Power Curve

After the P1 rotor was reinstalled, performance data were again recorded. Power curve data were
collected between the dates of September 18, 1995 and December 18, 1995, and site personnel
observed that the blades remained unsoiled during this time period. Appendix A documents the power-
curve files collected and the selection of valid data sets. Prior to binning, data sets were assembled
and stored with file names ‘vgcrun##.txt’, where ## ranged from 01 to 08.

Figure 5-7 shows the measured power curves for P1 with VG Configuration #1, where the data have
been grouped into two curves of approximately 300 hours each. The 300 hour curves with VGs show
good repeatability with each other, although not as good as for the baseline P1. For most wind-speed
bins the power output varies by less than 3%, and the AEP variation is less than 2% for all Rayleigh
wind-speed averages over 6.2 m/s (14 mph). O A

The 300-hour power were considered to accurately reflect the effect of VG Configuration #1 on P1
performance. Figure 5-8 shows P1 performance with and without VGs. The curves show a noticeable
drop in power output for wind speeds below 11 m/s (25 mph) and an increase in power above this
wind speed.

Table 5-2 shows the impact of the VGs in terms of percentage change in power output. The maximum
increase in power was just over 4% at 12.8 m/s (29 mph). The increase in peak rotor power was
minimal, about 1% at 17.2 m/s (39 mph). From this standpoint, the design goal of increasing power at
moderate wind speeds without increasing rotor peak power was met. However, the AEP table in
Figure 5-8 shows that the losses at low wind speeds were not sufficiently offset by performance gains
at moderate wind speeds and that the net effect of VG configuration #1 was a loss in AEP for annual
average wind-speeds up to 8.4 m/s (19 mph).
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Figure 5-7. Repeatability of P1 Power Curve with VGs, 300 Hour Data Sets
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Figure 5-8. Effect of VG Configuration #1 on P1 Performance
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Table 5-2. Change in P1 Power Output with VG Configuration #1

Wind-Speed Bin :
Change in Power
(@/s) (mph) Output (%)
5.7 13 -15.91
6.6 15 -16.27
7.5 17 -9.11
8.4 19 -6.12
9.3 21 -3.06
10.1 23 -1.83
11.0 25 0.31
11.9 27 3.19
12.8 29 4.35
13.7 31 3.83
14.5 33 2.32
15.4 35 1.29
16.3 37 0.87
17.2 39 1.01
18.1 41 0.71
19.0 43 : 0.44
19.8 45 1.15
20.7 47 0.86
21.6 49 -1.73

5.4.2 Effect on Loads

The design goals specified that performance gains should not be obtained at the expense of increased
loads or poor dynamics. Measurements were made to evaluate the dynamic loading of the turbine
based on available signals from previous testing of the P1 turbine. These included measurement of the
generator power, upwind and downwind nacelle pitching accelerations and tower leg axial loads.

Reference 13 documents the P1 instrumentation and data acquisition. Data were collected in ten-
minute files at a rate of 40 samples per second. Baseline P1 loads data were collected as test series
S1T34### for two months before the VGs were installed. Data were then collected with VGs for over
one month as test series S1T35###. Figure 5-9 illustrates the range of wind conditions over which
data were collected both before and after VG installation. Each point on the plot represents the 10-
minute average, and standard deviation of the wind speed for ten minutes of data collection. A large
amount of data were taken in the 8.9 to 15.6 m/s (20 to 35 mph) range both with and without VGs.
There is also some data at wind speeds above 15.6 m/s for the baseline turbine. Unfortunately, due to
the time of the year (autumn) and problems with the data acquisition equipment, no data files with a
significant amount of post-stall operation were recorded for the VG Configuration #1.

For the remainder of this section, data are presented as rainflow counts. The rainflow algorithm is
based on Downing and Scocie [15] and was extracted from the Sandia LIFE2 computer code. The data
have been analyzed and presented in this way because the rainflow counts directly compute fatigue
lives of the various structural components of the turbine. Fatigue life is a paramefer of extreme
importance in turbine design. Comparison of the rainflow-counted data in graphical form quickly
gives an indication of the relative severity of the fatigue loading. In the following plots, the steeper
the slope (greater negative slope), the less severe the loading. Because of the logarithmic scale and the




fact that material fatigue characteristics are non-linear, small changes in the rainflow counts can cause
large changes in turbine fatigue lives.
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The P1 turbine has a dynamic mode that includes a pitching motion of the nacelle. Several
configuration changes were made to address this problem and minimize this mode, but it is still of
some concern. During the VG testing, nacelle pitching accelerations were measured at both the
upwind and downwind ends of the nacelle. Figure 5-10 shows the rainflow counts of upwind and
downwind nacelle accelerations for the full data sets, both with and without VGs. The plot shows that
the downwind accelerations were slightly more vigorous with VGs. On the other hand, the upwind
accelerations with no VGs are much more vigorous than with VGs. This is most likely due to the fact
that there is significantly more amount of post-stall operation (wind speed greater than 15.6 m/s)
represented in the baseline data and very little in the VG data.

Figure 5-11 attempts to present a better comparison by including only data collected with ten-minute
wind speeds between 8.9 and 15.6 m/s. In this plot, it is seen that the downwind accelerations with
VGs are significantly more vigorous than without VGs. However, the upwind accelerations without
VGs are still somewhat more vigorous than with VGs. This is possibly due to differences in
atmospheric turbulence between the various data files, but the exact explanation is not clear.

The plot of the rainflow counts of generator power output, and thus drivetrain torque, appears in
Figure 5-12. Three curves are shown: all baseline data, baseline with wind speeds 8.9 to 15.6 m/s
only, and with VG Configuration #1. It is fairly clear that the generator power output oscillates more,
and most likely reaches higher peaks, with the VGs installed. The data with VGs compare to the data
without VGs at a much higher average wind speed containing significantly more post stall operation.

The data in Figure 5-13 show rainflow counts of tower leg axial load, and is a bit more difficult to
interpret. Again, three curves are presented: all baseline data, baseline 8.9 and 15.6 m/s only, and
with VGs. The VG results are higher than the baseline data at the left- and right-hand ends of the
curve. However, in the body of the curve the VG data are well below the baseline at both the
comparable and higher wind speeds. Data towards the right on the curve have more impact because
the loads are higher. Thus, in the most important part of the curve the VG data do show higher than
the baseline. It should also be noted that these results depend somewhat on absolute yaw position, a
signal that was not available during these tests. If the wind was from a different direction, the results
from a given tower leg would be somewhat different. ’

Overall, it appears that the dynamic response of the turbine as represented by rainflow counts of
fatigue cycles was increased by the presence of vortex generators. The data indicate that the increase
is slight to moderate. However, if more post stall data were collected, the increase in dynamic
response could become more pronounced.

It should also be noted that the data set is not large and that changes in atmospheric conditions could
have a similar level of impact. The data should be interpreted with caution and an understanding of its
uncertainties and limitations. If the use of VGs were pursued these data would be used to analyze the
relative impact (on turbine fatigue) of vortex generators in order to understand the economic tradeoffs
between improved power performance and decreased turbine fatigue life.
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5.4.3 Analysis / Suggested Improvements to Configuration

As shown in Figure 5-8, VG Configuration #1 achieved the desired performance above 11 m/s

(25 mph). Power output was increased at moderate wind speeds and the slight increase in peak power
indicates that the VG array had become largely stalled by wind speeds above 17 m/s (38 mph). This
indicates that the array was placed as far forward on the blade as possible while still allowing the blade
to retain its baseline stall behavior.

Below 11 m/s, VG drag penalties led to a loss in turbine performance. The measured drag loss in
performance was generally greater than that predicted by PROPPC calculations. It appears that the
3-D turbine blade did not experience the same amount of lift augmentation as was measured in the
wind tunnel for the 2-D airfoil sections, but it did experience significant drag penalties. Moving the
VGs aft on the airfoil would decrease the amount of drag penalty, but would also cause the VGs to be
less persistent. Therefore, decreasing drag losses by moving the VGs aft would likely compromise
some of the performance gains above 11 m/s. A similar logic could be applied to either making the
VG array less dense or using smaller VGs.

To evaluate the potential for improving VG Configuration #1, an annual energy calculation was
performed for the power curve of Figure 5-8 assuming no drag losses below 11 m/s and retaining all of
the performance gains above 11 m/s. Table 5-3 shows resulting performance gains of less than 1.5%
for all wind-speed average of 8.4 m/s and below. This confirms that the effectiveness of the VGs on
the 3-D blade was less than that measured for the 2-D airfoil sections. Based on these results, field
testing of a second VG configuration was not deemed worthwhile.

Table 5-3. Potential for Improved Performance of VG Configuration #1

Rayleigh Annual P1 Baseline | P1 with ‘Ideal’ (no drag loss)
Average Wind Speed | Power Curve VG Configuration #1 Variation
AEP (kWh) AEP (kWh) (%)

5.3 m/s (12 mph) 234,829 236,412 0.67
5.7 m/s (13 mph) 304,129 306,817 0.88
6.2 m/s (14 mph) 378,314 382,329 1.06
6.6 m/s (15 mph) . 456,466 461,972 1.21
7.1 m/s (16 mph) 536,844 543,905 1.32
7.5 m/s (17 mph) 617,494 626,087 1.39
7.9 m/s (18 mph) 697,459 5 707,498 1.44
8.4 m/s (19 mph) 775,587 786,964 1.47

As the field test results showed a negative net impact on AEP, no rigorous calculations were performed

to evaluate the effect on cost of energy (COE). The materials necessary for one prototype VG array,

including the VGs and the tape-templates which were used to locate them for installation, were

purchased for about $200. With the rotor on the ground the installation process took about 6 man- .
hours, including the time required to mark reference lines on the rotor, the attachment and removal of
the tape templates and the attachment of the VGs themselves. The installation procedures were
designed so that they could be completed from a man-basket on a crane but thlS would s1gmﬁcant1y

increase the time and expense requu'ed for the mstallatlon . . ~
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6.0 Results and Conclusions

A rigorous investigation has been completed of the use of vortex generators to augment performance of
the stall-regulated AWT-26 wind turbine. A VG array was designed which led to increased power
output at moderate wind speeds and a negligible effect on peak rotor power. However, VG drag
penalties caused a loss in power output at low wind speeds, and the net effect of the VG array was a
decrease in annual energy production for sites with average wind speeds up to 8.5 m/s (19 mph).
Analysis indicated that design modifications to reduce the drag losses would also be likely to reduce
the performance benefits at higher wind speeds. For the 3-D turbine blade, it appears that the VGs
caused lift increases that were smaller than those measured for the 2-D airfoil sections.

The impact on loads was less conclusive. The available data indicated that the VG array caused an
increase in dynamic loads, but the data sets were somewhat limited. Had the performance of the VG
design been more promising, further measurements would have been warranted to better quantify the
effects on loads and component fatigue life.

While the present work did not lead to improved AEP for the AWT-26 turbine, it does contribute to
the understanding of performance augmentation of wind turbines with VGs. Wind tunnel
measurements have quantified the effect of VGs on NREL S-series airfoils for a wide range of VG
design parameters. The safe design of a VG array for a stall-regulated turbine has been demonstrated,
and several issues involving optimal performance with VGs have been identified and addressed.
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APPENDIX A

SUMMARY DATA SET LOGS

(Actual data collected under this program is Protected Wind Technology Data)
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